INTRODUCTION
The 2012 published Berlin Definition describes the acute respiratory distress syndrome (ARDS) as hypoxemia, occurring within 1 week of a known risk factor or worsening of respiratory symptoms, associated with bilateral opacities in at least three quadrants on chest radiograph, that cannot be fully explained by pleural effusions or atelectasis. Cardiac failure or fluid overload as the only reason for the bilateral infiltrates needs to be excluded. Three subcategories of ARDS have been proposed, based on the severity of hypoxemia [mild (200 mmHg < PaO 2 /FIO 2 300 mmHg), moderate (100 mmHg < PaO 2 /FIO 2 200 mmHg), and severe (PaO 2 /FIO 2 100 mmHg)] [1]. Cardiac surgery is a known risk factor for ARDS, especially when using cardiopulmonary bypass (CPB), because CPB induces a systemic inflammatory response and pulmonary ischemia-reperfusion injury. Today more high-risk patients undergo cardiac surgical interventions and an increasing number of patients is provided with complex procedures [2, 3] . To date there are eight clinical studies that analyzed the incidence, risk factors, and mortality of ARDS following cardiac surgery (overview in [4 studies investigated patients after coronary artery bypass grafting, valve, and combined surgery, one study included patients after isolated coronary bypass and one reported data about off-pump coronary bypass grafting. The large variations in mortality are a result of differences in study population, study design and used definitions of ARDS, and illustrate how difficult it can be for clinicians to predict the risk for an individual patient after cardiovascular surgery to develop ARDS. However, only if a patient at risk is identified early the complications and the high mortality of severe ARDS might be avoided.
Current therapeutic concepts of acute respiratory distress syndrome
Despite great effort to improve outcomes in ARDS, the only therapeutic measure shown to decrease mortality is lowering the risk for ventilator-induced lung injury (VILI) by using low tidal volume ventilation [5] and prone positioning [6] . In extreme, life threatening cases, extracorporeal membrane oxygenation (ECMO) seems to serve as a bridge to recovery as it enables lung-protective ventilation 
Lung-protective ventilation
Low tidal volume (6 ml/kg of predicted body weight), limitation of plateau pressure (less than 28-30 cm H 2 O), and appropriate positive end-expiratory pressure (PEEP) levels are crucial to prevent further injury during ARDS [5] . Meanwhile, lungprotective ventilation strategies are standard practice for the management of ARDS. During the pandemic influenza A/H1N1 outbreak 2009/2010 in the Republic of Korea, Oh et al.
[8] conducted a retrospective observational study of 104 patients with ARDS caused by viral pneumonia. Patients with tidal volumes less than or equal to 7 ml/kg required ventilators, ICU admissions, and hospitalizations for fewer days than those with tidal volumes greater than 7 ml/kg. Tidal volumes greater than 9 ml/kg and Sequential Organ Failure Assessment score were significant predictors of 28-day ICU mortality [8]. This study adds reliable evidence that lung-protective ventilation is also useful in patients with ARDS from viral etiologies.
Prone position Prone positioning is not only able to improve oxygenation by increasing alveolar recruitment and enhancing ventilation-perfusion matching but also prevents VILI. In severe ARDS, prolonged (at least 16 h) prone-positioning sessions significantly decrease mortality [6] . Two recent meta-analyses found that prone position significantly improved survival, when combined with low tidal volume strategy and all-cause mortality decreased when the duration of prone was prolonged (>16 h/day), particularly in patients with severe ARDS [9
In cardiovascular surgical patients, effects of prone positioning on hemodynamics and heart function are of special interest. Guerin et al. [11] give an overview of hemodynamic studies in prone positioning in ARDS patients showing the beneficial and potential adverse effects and the underlying mechanisms. Of special importance may be the reduction of the transpulmonary gradient as vascular dysfunction is an independent risk factor for ARDS mortality. Additionally, prolonged prone positioning can reduce right ventricle pressure overload, decreases mean right ventricle enlargement and reduces septal dyskinesia as studied in 42 patients with severe ARDS treated by prone positioning to correct severe oxygenation impairment [12] . By collecting hemodynamic, respiratory, intraabdominal pressure, and echocardiographic data from 18 patients with ARDS under protective ventilation and maximal alveolar recruitment, Jozwiak et al. [13] were able to show that prone positioning increased the cardiac preload, decreased the right ventricular afterload, and increased the left ventricular afterload. These effects resulted in an increase in cardiac index only in patients with preload reserve, emphasizing the important role of preload in the hemodynamic effects of prone positioning [13] .
KEY POINTS
ARDS is a rare but serious complication after cardiovascular surgery.
Strategies to prevent VILI, like ventilation with low tidal volumes and in severe cases prone position and/or ECMO are currently the only therapeutic options reducing mortality in ARDS.
Clinical trials currently under investigation might provide new pharmaceutical therapies like mesenchymal cell therapy in ARDS. Ongoing basic research on targeting hypoxia-inducible factor (HIF) and purinergic signaling during ARDS may reveal future treatment options.
Prediction scores and biomarkers could help to identify at-risk patients for the development of ARDS. Preventing rather than treating ARDS may be the key to reduce mortality of this severe and complex disease.
However, in obese patients prone position can have detrimental effects, because an increase of intra-abdominal pressure may worsen splanchnic perfusion. In a recently published retrospective study, a significant interaction effect between abdominal obesity and prone position with respect to overall mortality risk, renal failure, and hypoxic hepatitis was seen [14] .
Extracorporeal membrane oxygenation
Evolution of ECMO technology such as smaller systems and cannulation in peripheral hospital sites by mobile ECMO teams before transfer to ARDS centers offer a perspective for improve outcomes in appropriately selected patients with severe ARDS
]. Further research is needed regarding the timing of the initiation of ECMO, the standardization of therapy and monitoring, and selection of patients who will benefit most from venovenous ECMO. The results from an ongoing randomized controlled trial (ECMO to rescue lung injury in severe ARDS, EOLIA) will contribute valuable data to guide clinical decisions for the use of ECMO therapy.
Another important question is, what ventilation strategy should be used once a patient is supported with venovenous ECMO. A recent international survey revealed significant variations in ventilator settings during ECMO [15] . Because proper gas exchange is achieved extracorporeally, invasive ventilator settings can be minimized to avoid further baro and biotrauma by VILI. However, it is unclear whether minimal (or no) tidal volume [16] , resulting in near complete atelectasis, are more lung protective than a ventilation pattern with a lung recruitment strategy.
Furthermore, a combination of prone positioning and venovenous ECMO was shown to be feasible [17] , but larger studies are necessary to determine reduction in mortality.
Lastly, in addition to short-term survival, it is equally important to follow ECMO survivors to evaluate long-term outcomes and quality of life [18] .
Fluid management ARDS is characterized by protein-rich lung edema that can be aggravated by development of pulmonary hypertension, increased pulmonary capillary pressure and cardiac failure, especially in cardiovascular patients with pre-existing conditions. Additionally, mechanical ventilation with positive intrathoracic pressure further induces salt and water retention, while impairing alveolar fluid clearance. Clinical trials have shown that after achieving hemodynamic stability, limitation of fluid intake in combination with diuretic treatment improved oxygenation, and reduced length of mechanical ventilation [19] . These results support the use of a conservative strategy of fluid management in ARDS patients. However, a possible complication associated with conservative fluid management may be long-term cognitive impairment [20] . Underlying diseases (e.g., presence or absence of sepsis) and relevant comorbidities (e.g., right heart failure, pulmonary hypertension, chronic renal failure) have to be taken into account.
Optimized transfusion regime
Transfusion-related acute lung injury (TRALI) is the leading cause of transfusion-related mortality. The incidence of TRALI is much higher in patients undergoing cardiac surgery that in the general hospital population and contributes to an adverse outcome [21] .
Erythrocyte, platelet, and plasma transfusions are independent risk factors for ARDS [22] [23] [24] . Anemia and transfusion are associated with adverse effects and increased morbidity in cardiac surgery patients, therefore defining the optimal transfusion thresholds is crucial [25 && ]. Further, large prospective studies are needed to determine the ideal transfusion algorithms in this high-risk patient population.
In the past decade, blood banks have implemented low-risk TRALI donor strategies, including a male-only donor policy for plasma-containing blood products to prevent onset of TRALI. A metaanalysis using a random-effects model, including all transfused products showed a significant reduction for the risk of TRALI after implementation of lowrisk TRALI donor strategies in patient populations prone to develop TRALI [26 & ].
Neuromuscular blockade
The usefulness of neuromuscular blocking agents (NMBAs) during the course of ARDS remains controversial. In acute severe ARDS, NMBAs might reduce patient-ventilator asynchrony, with a better control of tidal volume, leading to a decrease of baro, volu, and atelectotrauma. Additionally in early ARDS, NMBAs can decrease local and systemic concentrations of proinflammatory cytokines (i.e., biotrauma), assuming a possible direct anti-inflammatory effect of NMBAs [27] . Three clinical trials of a research group in France showed that the use of cisatracurium during early ARDS, especially in the most hypoxemic patients (PaO 2 /FiO 2 < 120 mmHg), improves oxygenation and decreases the 90-day mortality rate [27] [28] [29] . Short-term administration of NMBAs (less than 48 h) does not appear to be an independent risk factor for ICU-acquired weakness [30] . However, extended length of infusion time, high dosage, combination with corticosteroids or use in patients with hyperglycemia, renal or hepatic dysfunction increase the risk of ICU-acquired weakness. A structural class effect may also exist, with aminosteroid NMBA agents (e.g., vecuronium, pancuronium, rocuronium) posing a higher risk of ICU-acquired weakness than benzylisoquinolinium compounds (e.g., atracurium, cisatracurium, mivacurium) [31 && ]. On the other hand, during mild ARDS, preservation of spontaneous breathing probably favors oxygenation, and therefore could decrease total length of mechanical ventilation [31 && ]. So far, hard criteria of when to use NMBAs and controlled ventilation versus preserving muscle activity to maintain spontaneous breathing modes are still missing and further studies are necessary.
Inhaled pulmonary vasodilators
The rationale of using inhaled pulmonary vasodilators is based on the characteristic symptoms of ARDS involving mismatching of ventilation and perfusion and pulmonary hypertension. In 2007, Adhikari et al. [32] conducted a meta-analysis of 12 trials with a total of 1237 patients showing that inhaled NO (iNO) is associated with limited improvement in oxygenation in patients with ARDS and even in severe ARDS (PaO 2 /FiO 2 100 mmHg) has no beneficial effect on mortality. It may even cause harm by promoting renal dysfunction, and therefore increasing mortality. The use of iNO should only be considered if all other possibilities of supportive treatments like prone ventilation and ECMO have been exploited.
Synthetic prostaglandin analogs can bind to four pulmonary prostanoid receptors that have been identified to be involved in regulating vascular tone, platelet activation, and immunological cell responses. Compared with iNO, inhaled prostanoids require no special application and monitoring equipment, and are therefore easier and less expensive to administer. This could be the reason for the increase in use over time in the treatment of ARDS [33] , although there is no clinical data showing a mortality benefit and large scale randomized clinical trials (RCTs) are lacking [34] . In a meta-analysis in 2015, Fuller et al. [34] demonstrate that inhaled prostaglandins improve oxygenation and decrease pulmonary artery pressures. On the other hand, they also lower systemic pressure, with hypotension occurring in 17.4% of patients in observational studies [34] . Three of the 25 studies included reported thrombocytopenia, anemia, or transfusion requirement. Owing to so far limited data on clinical benefit but possible harm, the use of inhaled prostaglandins in ARDS needs further investigation.
Novel therapeutic concepts
Despite more than 150 RCTs and 29 meta-analyses of multiple potential therapies, the only interventions for ARDS shown to reduce mortality are those minimizing VILI [35 && ]. This 'translational failure' may be because of heterogeneous patient populations and the complex disease pathogenesis. Curley and Laffey [36 && ] provide a detailed overview of a number of ongoing ARDS trials and promising pharmaceutical therapies currently under investigation. In this review, we present the results from already completed clinical trials and a selection of ambitious human and animal studies with the focus on targeting HIF and purinergic signaling.
Mesenchymal cell therapy
Mesenchymal stem (stromal) cells (MSCs) regulate both innate and adaptive immune system and potentially inhibit the production of proinflammatory cytokines in ARDS [37] . Additionally, MSCs directly attenuate bacterial sepsis, a common cause of ARDS, by increasing bacterial clearance.
A recent pilot feasibility study of MSC treatment in ARDS patients demonstrated no adverse effects [38] . A recently published multicenter, open-label, dose-escalation, phase 1 clinical trial of allogeneic bone-marrow derived MSCs in patients with moderate-to-severe ARDS [Stem cells for ARDS treatment (START) trial] also showed no severe side-effects of MSC treatment [39] . Based on this phase 1 experience, the study has proceeded to phase 2 testing with a primary focus on safety and secondary outcomes, including respiratory, systemic, and biological outcomes [39] .
Statins HMG CoA-reductase inhibitors (statins) exert diverse pleiotropic effects beyond their primary effect in cholesterol reduction, including antiinflammatory and endothelial protective effects, and therefore might be beneficial in ARDS. Two in 2014 published larger multicenter, double-blind phase 2/3 clinical trials of statin therapy [The hydroxymethylglutaryl-CoA reductase inhibition with simvastatin in acute lung injury to reduce pulmonary dysfunction (HARP-2) investigators studied simvastatin in 540 ARDS patients recruited from general intensive care units in the UK and Ireland [40] . The ARDS Clinical Trials Network used rosuvastatin in 745 patients with sepsisassociated ARDS [41] ] showed no improvement of outcomes in patients with ARDS. Rosuvastatin, a hydrophilic statin, not only did not improve 60-day in-hospital mortality or increase mean ventilator-free days but also may increase hepatic or renal dysfunction [41] .
Hypoxia-inducible factor and purinergic signaling Several studies suggest an important role for HIF or HIF-specific target genes in dampening lung inflammation during ARDS [42] . The detrimental effects of high inspiratory oxygen concentrations used during ARDS seem to be connected with an alteration of purinergic signaling events. Purinergic signaling events involve the activation of ATP/ADP and adenosine receptors. For example, anti-inflammatory adenosine is generated in the extracellular compartment as a breakdown product of ATP or ADP [43] . This pathway is under the enzymatic control of CD39 (conversion of ATP/ADP to AMP) and CD73 (conversion of AMP to adenosine). In an open-label study in patients with ARDS, recombinant IFNb-1a, which increases CD73 synthesis, was administered intravenously [44] . IFNb-1a upregulated human lung CD73 expression, and was associated with a reduction in 28-day mortality in patients with ARDS [44] .
In several animal models and experimental settings, targeting adenosine receptors has been demonstrated to regulate endothelial and epithelial integrity, and polymorphonuclear cell trafficking in the lung [45, 46] . Each type of adenosine receptor (A1, A2A, A2B, and A3) is characterized by a unique pharmacological and physiological profile and has a distinct expression pattern on different cell types. Pharmacologic agents that selectively target adenosine receptors are available, as well as tissue-specific gene-deficient mice, hopefully leading to future therapeutic strategies in ARDS [45] .
Other possible beneficial impacts of HIF signaling could be achieved by application of HIF activators or stabilizers [47] . However, so far HIF activators like prolyl-hydroxylase inhibitors have not been used in a clinical setting in ARDS. Owing to studies implicating a functional role of HIFs expressed in alveolar epithelial cells, it is conceivable that HIF activators could be given via an inhaled route. As such, systemic effects of HIF activators could be minimized, while simultaneously achieving a sufficient concentration to stabilize HIFs in the target cell population [42] .
Prevention of acute respiratory distress syndrome in high-risk cardiovascular surgery patients
Identifying patients at risk and implementing a preventive strategy for ARDS should be considered in all cardiovascular surgery patients.
In a recent population-based, nested, matched case-control study, Ahmed et al. demonstrated that inadequate empirical antimicrobial treatment, hospital-acquired aspiration, injurious mechanical ventilation, blood transfusion, and fluid administration were associated with the development of ARDS [48 & ]. Exposure to antiplatelet agents during the at-risk period was associated with a decreased risk of ARDS [48 & ]. Therefore, prevention of adverse hospital exposures in at-risk patients might decrease the incidence of ARDS.
Prediction scores in acute respiratory distress syndrome
Recently, several studies to identify patients who are at greatest risk for ARDS have been performed. Gajic et al. [49] developed the lung injury prediction score model for mixed medical and surgical patient populations. Similarly, for elective surgical populations the surgical lung injury prediction (SLIP) algorithm was developed by Kor et al. [50] , unfortunately this score performs poorly in a context of high-risk surgical procedures, including emergency surgeries. A subsequent SLIP-2 model was developed that is able to effectively discriminate risk for postoperative ARDS in a multicenter cohort [51 & ]. Nine independent predictors of ARDS were identified: sepsis, high-risk cardiac surgery, high-risk aortic vascular surgery and emergency surgery, cirrhosis, admission location other than home, increased respiratory rate (20-29 and 30 breaths/min), FiO 2 greater than 35%, and SpO 2 less than 95% [51 & ]. ] stated, mechanical ventilation could be used pre-emptively as a therapeutic tool to prevent ARDS progression. The use of protective ventilation strategies in at-risk patients well before any overt clinical signs of ARDS are present might reduce the incidence of ARDS.
Pre-emptive lung-protective ventilation

Biomarkers of acute respiratory distress syndrome
The receptor for advanced glycation end products (RAGE) seems to be pivotal in the proinflammatory response in ARDS, and therefore is a candidate for an ARDS biomarker. RAGE is a multiligand pattern recognition receptor that is highly expressed in lung epithelium [58,59 && ]. Its ligation with damageassociated molecular pattern DAMP molecules, including high-mobility group box 1 (HMGB1) and S100A12 is thought to contribute to a pro-inflammatory response. Müller et al. studied whether damageassociated molecular pattern molecules are involved in the pathogenesis of TRALI in cardiac surgery patients. Unfortunately, they failed to prove that HMGB1 and soluble RAGE contributed to the development of TRALI. However, S100A12 is associated with duration of CPB, pulmonary inflammation, hypoxia and prolonged mechanical ventilation and may contribute to acute lung injury in cardiac surgery patients [60] . Jabaudon et al. [61] showed that higher plasma levels of RAGE were strongly associated with impaired alveolar fluid clearance, indicative of the severity of lung epithelial injury. Panels of biomarkers might reflect multiple aspects of the complex pathophysiology of ARDS. For example, a panel that included inflammatory and lung epithelial injury markers (RAGE, surfactant protein D, and club cell protein 16) was useful to diagnose ARDS in severe sepsis [62] .
CONCLUSION
ARDS is a rare but serious complication after cardiovascular surgery and despite innovative therapeutic efforts mortality remains high. Low tidal volume ventilator strategies and for severe cases prone position and/or application of ECMO can improve outcome by lowering the risk for VILI. Reducing the amount of transfusions whenever safe may also lower mortality. In the future, basic research uncovering the mechanisms of ARDS pathogenesis and ongoing clinical trials of novel therapies may reveal new treatment options. Prediction scores and possibly biomarkers, can help to identify high-risk patients. ARDS develops slowly over time that gives us the chance to block its progression early on, reducing the chances of development of severe forms of ARDS with a high mortality. Given the number of patients undergoing cardiovascular surgery, efforts to decrease the risk of ARDS could significantly decrease morbidity and mortality in this high-risk patient cohort. 
